Background: Myocyte enhancer factor 2 (MEF2) proteins are key regulators of cardiac muscle differentiation and hypertrophy, but additional roles in this cell type have not been defined. Results: MEF2D regulates the cell cycle and survival of post-mitotic cardiomyocytes. Conclusion: MEF2D is required for proper neonatal cardiomyocyte homeostasis. Significance: These findings provide opportunities to modulate MEF2D activity in cardiomyocyte proliferation and survival.
Mammalian cardiomyocytes permanently withdraw from the cell cycle shortly after birth and are maintained in a quiescent state characterized by robust contractile and metabolic activity. Despite the stringent post-mitotic cell cycle control systems in cardiomyocytes, these differentiated cells have the capacity to re-enter the cell cycle and proliferate in response to injury or stress within the first postnatal week (1) (2) (3) (4) (5) . Beyond this temporal window, cardiomyocytes lose their capacity to proliferate and instead respond to injury or stress through nonproliferative, pathological remodeling pathways that ultimately contribute to cardiac dysfunction (6, 7) .
Our understanding of the transcriptional control of the cardiomyocyte cell cycle remains incomplete. Apart from established transcriptional regulators of the cell cycle, such as E2F and c-Myc, few others transcription factors have been shown to regulate this process in cardiomyocytes. Recently, the TALE class homeodomain factor Meis1 was shown to be important in cardiomyocyte cell cycle exit. Deletion of Meis1 promoted cell cycle re-entry in neonatal and adult cardiomyocytes (8) . Although known to function in cardiac survival pathways, members of the FOXO transcription factor family also regulate the cell cycle in cardiomyocytes (9, 10) .
Previous studies from our laboratory demonstrated that MEF2A (myocyte enhancer factor 2A), but not the related family members MEF2C and MEF2D, regulates the integrity of costameres, specialized focal adhesions in muscle (11, 12) . Because costamere structure was not significantly affected by MEF2C or MEF2D deficiency, we were interested in determining the processes dependent on these MEF2 protein isoforms in cardiomyocytes. We have focused on MEF2D because this isoform and MEF2A are the major isoforms expressed in the postnatal heart. Moreover, it has been previously shown that MEF2D is required for pathological cardiac remodeling downstream of pressure overload and chronic adrenergic signaling. Hearts from MEF2D knock-out mice subjected to these stressors displayed significantly less hypertrophy and fibrosis (13) . However, the gene programs regulated by MEF2D in cardiac muscle stress or homeostasis are largely unknown.
To gain a better understanding of the cellular processes regulated by MEF2D in cardiac muscle, we depleted MEF2D in neonatal cardiomyocytes, followed by genome-wide expression analysis. Deficiency of MEF2D in neonatal cardiomyocytes stimulated re-entry into the cell cycle, which was characterized by the up-regulation of numerous positive cell cycle regulators and activation of the PI3K/Akt pathway. Despite activation of these cell cycle-promoting pathways, prolonged depletion of MEF2D did not induce proliferation but instead resulted in widespread programmed cell death. Taken together, these results demonstrate an unanticipated critical function for MEF2D in regulating the cell cycle and survival of post-mitotic, neonatal cardiomyocytes.
Experimental Procedures
Cell Culture and Reporter Assays-Neonatal rat ventricular myocytes (NRVMs) 2 were isolated from 2-day-old SASCO Sprague-Dawley neonatal rats (Charles River Laboratories). Briefly, ventricles were separated from atria and transferred to 1ϫ Hanks' balanced salt solution, 0.025% trypsin and incubated overnight at 4°C. The next day, 10 mg/ml collagenase II (Worthington) was added to isolate individual cardiomyocytes and preplated to remove fibroblasts. Cells were plated in growth medium at a density of 4 ϫ 10 6 cells/10-cm dish on gelatinized dishes. After 24 h in culture, cells were washed with 1ϫ PBS and switched to 0.5ϫ Nutridoma-SP (Roche Applied Sciences) in DMEM.
Plasmids-MEF2D-FLAG (human) was a kind gift of T. Gulick (Sanford Burnham Medical Research Institute, Orlando, FL).
Adenoviruses for Knockdown and Overexpression-Adenoviruses carrying short hairpin RNAs (shRNAs) were generated as described previously (14) . The Mef2d and lacZ shRNA adenoviruses were used at a multiplicity of infection of 50 for all assays. MEF2D overexpression (Jeff Molkentin, Children's Hospital, Cincinnati, OH) and ␤-gal (Ken Walsh, Boston University Medical School) adenoviruses were used at a multiplicity of infection of 25.
siRNA Knockdown-siPTEN was purchased from Dharmacon (ON-TARGETplus PTEN siRNA). siPTEN was transfected in NRVMs using a standard reverse transfection protocol at a final concentration of 100 nM. Briefly, Lipofectamine RNAiMAX transfection reagent (Life Technologies, Inc.) was diluted in Opti-MEM (Life Technologies) and added to the siRNA. Cells were seeded 30 min later.
Microarray-Seventy-two hours post-transduction, total RNA from shlacZ (n ϭ 6) and shMef2d (n ϭ 6) NRVMs was prepared by TRIzol isolation (Invitrogen). Samples were pooled in sets, for a total of three biological replicates per condition. Samples were hybridized to the Rat GeneChip Gene 1.0 ST array (Affymetrix) at the Boston University Microarray Facility. Microarray data are available in the GEO (NCBI) database with series ID number GSE72157.
Quantitative RT-PCR-RNA from NRVM MEF2D knockdown experiments (n Ͼ 3) was used to synthesize cDNA using reverse transcriptase (Moloney murine leukemia virus) with random hexamers (Promega). Quantitative RT-PCR was performed in triplicate wells using Power SYBR Green Master Mix (Applied Biosystems) with the 7900HT Sequence Detection System (Applied Biosystems). The primers used are listed in Table 1 .
Western Blot Analysis-Western blots were performed as described previously (14) . Antibodies included anti-GAPDH (1:1000; Santa Cruz Biotechnology, Inc.), anti-MEF2D (1:1000; BD Biosciences), anti-proliferating cell nuclear antigen (PCNA) PI3K/Akt Inhibition-The PI3K␣/␦ inhibitor GDC-0941 (Selleck Chemicals) was added to NRVMs at a final concentration of 10 M, on the same day as transduction with shRNA adenovirus.
Gel Shift and Luciferase Assays-In vitro translated mouse MEF2D (rabbit reticulocyte lysate; Promega) or nuclear extracts from NRVMs were used for gel shift assays. Supershift assays were performed with anti-MEF2D antibodies (BD Biosciences). Competitions were performed with a 100-fold molar excess of unlabeled probe. Gel shift reactions were fractionated on 5% non-denaturing polyacrylamide gels, dried, and exposed to a phosphorimaging screen (Amersham Biosciences). The oligonucleotides used are listed in Table 1 . HEK293T cells were harvested for luciferase activity assay 48 h after transfection and were lysed in 1ϫ passive lysis buffer (Promega). To measure Firefly luciferase activity, 10 l of cell lysate was mixed with 50 l of luciferase assay reagent (Promega), and readings were taken on a luminometer.
Immunofluorescence and TUNEL Assay-Cells were cultured on sterilized coverslips coated with Matrigel and transduced with the appropriate shRNA adenoviruses. For immunofluorescence, antibodies included ␣-actinin (1:500; Sigma), FKHRL-1 (1:200; Millipore), Alexa Fluor 488 donkey antimouse HϩL (1:200; Invitrogen), and Alexa Fluor 555 donkey anti-rabbit HϩL (1:500; Invitrogen).
The TUNEL assay was performed using the DeadEnd TM fluorometric TUNEL system (Promega) according to manufa- cturer's instructions. Fluorescent images were taken using an Olympus DSU spinning disc confocal microscope.
Caspase-3 Activity and Cell TiterBlue Assays-NRVM protein lysates were mixed with the fluorogenic caspase-3 substrate Ac-DEVD-7-amido-4-methylcoumarin (BD Biosciences) to a final 50 M concentration. Samples were incubated for 1 h at 37°C. Fluorescence was measured at 440/460 nm using a PerkinElmer Life Sciences Victor3 plate reader. Caspase-3 activity was normalized to total protein level.
NRVMs were cultured in 24-well plates and transduced with either shMef2d or MEF2D overexpression adenovirus, and 10 l CellTiter-Blue reagent (Promega) was added to each well 2, 4, or 6 days after transduction. Plates were incubated for 24 h at 37°C in a tissue culture incubator, and fluorescence was measured at 560/590 nm using a PerkinElmer Life Sciences Victor3 plate reader.
Computational Pathway Analysis-Gene sets sensitive to MEF2D depletion were analyzed using three independent pathway analysis algorithms. Gene ontology term and KEGG pathway analyses were performed through the DAVID bioinformatics database (15, 16) . Ingenuity Pathway Analysis (Ingenuity Systems) was used to determine the canonical cellular pathways associated with MEF2D depletion.
Statistical Analysis-All numerical quantification is representative of the mean Ϯ S.E. of at least three independently performed experiments. Statistically significant differences between two populations of data were determined using Student's t test. p values of Յ0.05 were considered to be statistically significant.
Results

MEF2D Regulates a Cell Cycle Gene Program in Neonatal
Cardiomyocytes-In order to gain a better understanding of the gene programs regulated by MEF2D in cardiac muscle homeostasis, we used RNA interference to deplete this factor in NRVMs. We previously generated a MEF2D-specific shRNA adenovirus that targets the C-terminal region and all alternatively spliced transcripts of Mef2d (14) . Transduction of NRVMs with this adenovirus effectively knocked down the expression of endogenous MEF2D ( Fig. 1 ). Subsequently, RNA from MEF2D-depleted NRVMs at day 3 post-transduction was subjected to microarray analysis using the Affymetrix Gene Chip Rat Gene 1.0ST array. Knockdown of MEF2D in neonatal cardiomyocytes resulted in the dysregulation of 279 genes by Ϯ1.5-fold or more. To determine whether a specific cellular process was sensitive to MEF2D depletion, we analyzed these dysregulated genes using Ingenuity Pathway Analysis. This analysis predicted a significant perturbation of cell cycle and cancer-related processes ( Table 2) . A complementary analysis using the KEGG algorithm corroborated these results and predicted the cell cycle as the top dysregulated pathway ( Table 2) .
MEF2D Depletion Induces Activation of G 1 and S Phase Cell Cycle Genes-Next, we identified specific cell cycle genes dysregulated in MEF2D-depleted NRVMs. Of the total 279 genes dysregulated, 12 have well established roles in the cell cycle. Of the cycle-associated genes identified, seven overlapped with Ingenuity Pathway Analysis and KEGG pathway analysis pre-dictions and were up-regulated in MEF2D-depleted cardiomyocytes, including the positive cell cycle regulators CDT1 (Cdt1), cyclin E1 (Ccne1), cyclin E2 (Ccne2), Cdc6, Mcm3, Mcm5, and Mcm6 ( Fig. 2A ). Furthermore, a small number of negative regulators of the cell cycle were downregulated in the absence of MEF2D, but most were largely unaffected (data not shown).
Among those genes showing an increase in transcript levels on the microarray were genes that function at the G 1 or S phase of the cell cycle, such as Mcm3, Mcm5, Mcm6, Ccne1, and Ccne2. PCNA interacts with MCM3, -5, and -6 at the replica- 
TABLE 2 Analysis of canonical pathways associated with MEF2D
Dysregulated genes were analyzed using Ingenuity Pathway Analysis (IPA) (Top) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (bottom) prediction software. The top five most significantly dysregulated canonical pathways are provided. These pathways were analyzed for statistically significant association with MEF2D depletion, and a subset was found to be significant (p Ͻ 0.05). Ratio values indicate the number of genes dysregulated in the MEF2D knockdown in relation to the accepted number of genes associated with each canonical pathway. Percent values represent the number of dysregulated genes over the total number of genes associated with the indicated pathway. The number of genes dysregulated in the indicated pathway is given. (ratio). OCTOBER 2, 2015 • VOLUME 290 • NUMBER 40
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tion fork and is necessary for DNA replication; therefore, although it did not meet the 1.5-fold dysregulation cut-off, we included Pcna in all subsequent analyses. We next focused our analysis on these early cell cycle markers and used quantitative RT-PCR to validate their expression levels. As shown in Fig. 2B , all six positive regulators were significantly up-regulated in MEF2D-depleted NRVMs at day 3. Given the up-regulation of these genes, we extended these results by analyzing the expression of additional positive cell cycle regulators that function at the G 1 phase of the cell cycle. The expression of cyclin D1, cyclin D3, and CDK2 were also significantly up-regulated in MEF2D-depleted myocytes (Fig. 2, C and D) . The up-regulation of this collection of genes, which function to promote the G 1 /S phase of the cell cycle, suggests that MEF2D-depleted cardiomyocytes have activated a gene program associated with cell cycle re-entry.
Absence of Proliferation and Hypertrophy but Partial DNA Synthesis in MEF2D-depleted
Myocytes-Having confirmed the up-regulation of positive cell cycle regulators that function at the G 1 /S transition, we reasoned that the activation of these factors would be associated with increased DNA synthesis and proliferation. Initially, we measured DNA replication using EdU incorporation, which stably marks newly synthesized DNA. Surprisingly, there was no significant increase in EdUϩ in MEF2D-depleted cardiomyocytes at day 3 post-transduction (Fig. 3A ). Subsequently, we examined proliferation using the proliferation marker Ki67. Again, this assay failed to reveal any significant proliferation in MEF2D-depleted myocytes (Fig.  3B ). Because these results were inconsistent with our G 1 /S phase expression analysis, we measured DNA content of individual cardiomyocytes using propidium iodide incorporation followed by flow cytometry. As shown in Fig. 3C , MEF2D-de- pleted NRVMs had significantly fewer cells with diploid DNA content (2n) and a modest but significant fraction of cells containing between 2n and 4n DNA content (arrow). There was no significant difference in NRVMs containing 4n DNA content. These results suggest that a subset of MEF2D-depleted cells have entered S phase and initiated DNA synthesis but have failed to fully replicate the cardiomyocyte genome.
Because activation of the cell cycle has been associated with hypertrophic growth (1-4), we examined MEF2D-depleted myocytes for increased cell size. Detailed ImageJ analysis failed to reveal a significant increase in area of MEF2D-depleted myocytes ( Fig. 3D ). Moreover, there was no significant increase in the hypertrophic marker genes ANF and BNP (Fig. 3E ) or in the fetal sarcomere gene isoforms Acta1 (skeletal ␣-actin) and Myh7 (␤-myosin heavy chain) (data not shown). Taken together, these results indicate that up-regulation of G 1 and S phase positive cell cycle regulators is not sufficient to promote proliferation and is not associated with a hypertrophic response in MEF2D-depleted cardiomyocytes. However, a fraction of these MEF2D-depleted NRVMs is capable of undergoing partial DNA synthesis, consistent with activation of G 1 /S phase marker genes.
PTEN Is a Direct Target of MEF2D-To understand the mechanism by which cell cycle genes are up-regulated, we ini- OCTOBER 2, 2015 • VOLUME 290 • NUMBER 40
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tially considered the possibility that MEF2D directly represses these genes to regulate cell cycle exit in cardiomyocytes. MEF2 proteins are known to inhibit gene expression through their interaction with histone deacetylases (17) . Examination of the upstream regions of these cell cycle genes, however, failed to find significant enrichment of MEF2 DNA binding sites (data not shown). These results suggested an indirect transcriptional regulation of cell cycle gene expression dependent on MEF2D. We then re-examined our microarray to identify candidate genes whose down-regulation may help explain activation of the cell cycle. Interestingly, the Pten (phosphatase and tensin homolog) gene was found to be downregulated 1.6-fold on the microarray. PTEN is an important negative regulator of the PI3K/Akt pathway, a pathway that promotes cell cycle progres-sion and survival (18, 19) . Expression of PTEN was validated by quantitative RT-PCR and Western blot analysis and found to be significantly reduced in MEF2D-deficient myocytes (Fig. 4, A  and B) .
Examination of the rat Pten promoter revealed a candidate MEF2 site, CTATTTATAC, situated ϳ4.6 kb upstream of the transcription start site. Alignment of this MEF2 site and flanking sequences showed high conservation among human, mouse, rat, cow, and pig genomic sequences harboring the candidate MEF2 site upstream of the respective Pten genes (Fig.  4C ). To determine whether MEF2D binds to the rat MEF2 site, an electrophoretic mobility shift (EMSA) was performed using in vitro translated MEF2D and nuclear extracts from NRVMs. The EMSA demonstrated that in vitro translated MEF2D was able to bind the conserved MEF2 site (Ϫ4596 Mef2), and binding was severely diminished when the core A/T sequence within the MEF2 binding site was mutated (Ϫ4596 MUT) ( Fig.  4D ). Furthermore, an antibody specific for MEF2D was able to supershift the protein-DNA complex generated using NRVM extracts, demonstrating that endogenous MEF2D binds to the Ϫ4596 Mef2 site (Fig. 4D) . Subsequently, a 500-base pair region containing this conserved MEF2 site (wild type) was cloned into pGL3 promoter (Ϫ4596 Mef2), and its activity was examined in reporter assays. As shown in Fig. 4E , MEF2D overexpression in HEK293T cells was sufficient to significantly activate this PTEN enhancer region.
MEF2D Modulates Cardiomyocyte Cell Cycle Gene Expression through PI3K/Akt Signaling-Previous studies have shown that activation of Akt correlates with cell cycle re-entry (20, 21) . Because MEF2D-depleted cardiomyocytes displayed a decrease in PTEN, we would expect increased activated phospho-Akt. As predicted, Western blot analysis of MEF2D-depleted cardiomyocytes at day 3 exhibited a significant increase in phospho-Akt Thr-308 and Ser-473, suggesting activation of the Akt/ PKB pathway (Fig. 5A) .
Given the enhanced Akt activity, we wanted to determine whether this increase in activity was linked to the up-regulation of positive cell cycle regulators. Toward this end, we treated MEF2D-deficient NRVMs with GDC-0941 (Selleck), a potent and specific inhibitor of PI3K that prevents global Akt activation. PI3K inhibition severely attenuated the up-regulation of Mcm5, Pcna, cyclin E1, and cyclin E2 observed in MEF2D-depleted cardiomyocytes (Fig. 5B) . Although the addition of GDC-0941 did not prevent up-regulation of Mcm3 or Mcm6, the increase in transcript levels was blunted nearly 2-fold in comparison with MEF2D knockdown alone.
We next wanted to dissect the mechanism by which these cell cycle genes were up-regulated. For these studies, we performed transcription factor binding site enrichment analysis (Genomatix) on the up-regulated cell cycle gene set. Eleven transcription factor binding site motifs were significantly enriched, with a calculated Z score greater than 2 (Table 3) . Interestingly, we noted that the binding motif for the Forkhead box (FOX) transcription factors was among the significantly enriched motifs. In this transcription factor superfamily, the FOXO subgroup of Forkhead factors is modulated by Akt signaling (22) . Active Akt induces the cytoplasmic retention of FOXO proteins, thereby preventing regulation of their target genes. FOXOs have established roles in the heart and have been shown to regulate cardiomyocyte size (23, 24) ; therefore, we examined FOXO activity by analyzing the subcellular localization of the FOXO3 isoform in MEF2D-depleted NRVMs. Immunofluorescence analysis of FOXO3a revealed that MEF2D-deficient cardiomyocytes had significantly increased levels of cytoplasmic FOXO3a compared with the shlacZ control (Fig. 5C ). These findings suggest that MEF2D depletion results in FOXO3a cytoplasmic retention and, through an unknown mechanism, induces the expression of positive cell cycle regulators.
MEF2D Is Cardioprotective and Its Depletion Results in Reduced Viability-Because we failed to observe significantly increased proliferation in MEF2D-depleted NRVMs at day 3 post-transduction, we reasoned that these mutant myocytes were not given sufficient time to display a proliferative phenotype. Therefore, NRVMs were depleted of MEF2D for 5 or 7 days. To our surprise, beginning at day 5, we noted a number of detached, rounded cells in the supernatant, which was highly suggestive of cell death rather than proliferation. To confirm these observations, we assayed MEF2D depleted NRVMs for cell viability. Consistent with our observations, after 5 days of MEF2D depletion, there was a significant reduction in cardiomyocyte viability (Fig. 6A) . By day 7, MEF2D-depleted NRVMs showed a widespread decline in viability (Fig. 6B) , sug-gesting that aberrant cell cycle gene expression at early time points eventually perturbs neonatal cardiomyocyte survival.
In order to determine whether apoptosis was being induced in MEF2D-depleted NRVMs at days 5 and 7, we performed a caspase-3 activity assay on these cells. Consistent with the cell viability assays, we noted a significant increase in caspase activity at days 5 and 7 post-transduction (Fig. 6, C and D) , suggesting that reduced cardiomyocyte survival resulted from apoptotic cell death. In a complementary set of experiments, we performed a TUNEL assay to measure apoptotic cell death. As shown in Fig. 6E , the TUNEL assay revealed a significant increase in apoptotic cell death in MEF2D-depleted NRVMs. It is important to note that there was no significant difference in either cell viability or caspase-3 activation at day 3 (data not shown).
To demonstrate that PTEN down-regulation contributes to reduced viability in MEF2D-depleted cells, we silenced PTEN alone in NRVMs. PTEN-depleted NRVMs showed significantly reduced viability at day 5 and day 7 (Fig. 7, A and B) . Moreover, TUNEL assay showed a significant increase in cell death (Fig.  7C) . These results are consistent with the reduced PTEN expression in MEF2D-depleted NRVMs, reinforcing that notion that it is a physiologically relevant target in this pathway.
Given the decreased viability upon knockdown of MEF2D, we asked whether overexpressing MEF2D in wild type NRVMs could prolong cardiomyocyte survival. It is firmly established that survival of primary neonatal cardiomyocytes begins to decline as they approach 1 week in culture. MEF2D was overexpressed in NRVMs and analyzed for cell viability at days 3, 5, and 7 post-transduction. MEF2D overexpression did not significantly affect viability at day 3 (data not shown) but resulted in a significant increase in viability in NRVMs at days 5 and 7 (Fig.  8, A and B) . Although there was no difference in caspase-3 activity at day 5, by 7 days after transduction, there was a marked decrease in caspase-3 activity in MEF2D-overexpressing cells (Fig. 8, C and D) . In addition, the increased viability in MEF2D overexpression resulted from enhanced survival of NRVMs and not from increased cell numbers. Finally, consistent with increased viability, we found significantly decreased phospho-Akt and increased PTEN expression in NRVMs overexpressing MEF2D (Fig. 8, E and F) . Taken together, these results clearly demonstrate that MEF2D is cardioprotective.
Inhibition of Cell Cycle Activation Blocks Apoptosis in MEF2D-deficient NRVMs-Because cell cycle activation was associated with cell death and not proliferation, we asked whether these two phenotypes were linked by a common regulatory pathway. Initially, we examined our microarray data and found a number of dysregulated genes associated with cell death (Fig. 9A) , reinforcing the notion that an apoptotic gene program has been activated in MEF2D-depleted NRVMs. Next, we considered the E2F transcription factor family as a prime candidate in molecularly integrating the two phenotypes because some members of this family have been shown to trigger apoptosis in response to aberrant cell cycle regulation (25, 26) . We examined transcript levels of E2F1, -2, and -3 and two of their pro-apoptotic targets, Apaf1 and Casp8. MEF2D-depleted cardiomyocytes demonstrated a 1.8-, 4-, and 2.6-fold increase in E2f1, -2, and -3 mRNA levels, respectively (Fig. 9B) .
TABLE 3
Overrepresented transcription factor binding sites associated with positive cell cycle genes Binding site enrichment analysis was performed on cell cycle genes sensitive to the loss of MEF2D using the Genomatix software suite. Eleven motifs were enriched with a calculated Z score greater than 2. The known binding factors and their relevant binding domains are included. Finally, a summary of the function of each of these binding factors is provided.
Furthermore, APAF1 (Apaf1) and caspase-8 (Casp8) transcripts were up-regulated 1.7-and 3-fold in MEF2D-depleted cardiomyocytes, respectively (Fig. 9C) .
We next wanted to determine whether the up-regulation of E2F and its downstream target genes was related to activation of the Akt pathway. As shown in Fig. 9 , D and E, treatment of NRVMs with GDC-0941 blocked the up-regulation of E2f1-3 as well as Apf1 and Casp8. Furthermore, MEF2D-depleted cardiomyocytes treated with GDC-0941 attenuated the cell death observed in the absence of the PI3K inhibitor (Fig. 9F) . Collectively, these results suggest that cell cycle induction and programmed cell death in MEF2D-depleted cardiomyocytes are both regulated by the PI3K/Akt signaling pathway. We propose a model whereby cell cycle exit in neonatal cardiomyocytes is critically dependent on the ability of MEF2D to depress Akt signaling (Fig. 9G ).
Discussion
The transcriptional control of cell cycle arrest in differentiated cardiomyocytes remains largely unexplored. Here, we demonstrate that MEF2D regulates the cell cycle in post-mitotic, neonatal cardiomyocytes. Acute depletion of MEF2D in primary neonatal cardiomyocytes triggered cell cycle re-entry through activation of the Akt signaling pathway and the up-regulation of genes that function at the G 1 and S phases of the cell cycle. MEF2D-depleted cardiomyocytes, however, did not display increased proliferation and only partial DNA synthesis. Instead, prolonged depletion of MEF2D in neonatal cardiomyocytes resulted in significant programmed cell death, possibly mediated via the activation of the E2F transcription factor. Taken together, our results identify MEF2D as an essential transcription factor in cell cycle regulation and survival in postnatal cardiac muscle. Numerous studies have focused on the role of MEF2 in mediating stress and remodeling pathways in the heart downstream of pathological insults (27) (28) (29) . Although these investigations have firmly established the central and important role of this core cardiac transcription factor in adult cardiac disease pathways, the function of this factor in cardiomyocyte homeostasis, particularly in neonatal myocytes that undergo dramatic changes in growth and metabolism within the first week after birth, is largely unknown. Our studies have revealed an essential, non-stress-related function for MEF2D in neonatal cardiomyocyte cell cycle regulation and survival. This function differs from that described for MEF2D in adult hearts in which global MEF2D deletion did not affect cardiac viability, structure, or function in the absence of stress (13) . A physiological role for MEF2D in the heart only emerged when subjected to various stress signals. Perhaps the most notable difference between the two MEF2D-deficient models relates to the requirement of MEF2D in cardiomyocyte survival. Adult MEF2D knock-out mice subjected to pressure overload displayed significantly less fibrosis in the heart, an indicator of the extent of cardiomyocyte cell death, suggesting a pro-apoptotic role for this transcription factor in adult myocytes. By contrast, MEF2D deficiency in unstressed neonatal cardiomyocytes triggered significant cell death, pointing to an anti-apoptotic function in this temporal context. Based on the present and previously reported results, it appears that MEF2D has dual and opposing roles in cardiomyocyte survival. Not only are these opposing functions influenced by the relative maturation of cardiomyocytes (i.e. neonatal versus adult), but also by whether or not these cells are exposed to stress. Finally, because cell cycle gene expression was not examined in MEF2D knock-out hearts in either basal or stressed conditions or in neonates, it is unknown whether this gene program is dependent on MEF2D in vivo.
MEF2 proteins are involved in proliferation, survival, and apoptotic pathways in a variety of specialized cell types, such as neurons, immune cells, and vascular smooth muscle and endothelial cells (30, 31) . Until now, it was not known whether MEF2 regulated any of these aforementioned processes in cardiac muscle. Cardiomyocyte survival is dependent on MEF2D, and one of its primary targets is PTEN. It has long been known that PTEN is involved in the progression of heart failure and maladaptive cardiac remodeling (32) (33) (34) . However, it was recently shown that the miR-17-92 cluster promotes cardiomyocyte proliferation, most likely through the inhibition of PTEN expression (35) . These observations suggest that PTEN is involved in neonatal cardiomyocyte proliferation and lend support to our findings regarding the up-regulation of positive cell cycle regulators. Curiously, the phenotype of PTEN knock-out mice resembles that of MEF2D knock-out in response to stress. Given the similarity of the cardiac phenotypes in PTEN and MEF2D knock-out mice, it is tempting to speculate that PTEN also functions downstream of MEF2D to modulate pathologic cardiac remodeling in stressed, adult hearts.
Downstream of PTEN, Akt signaling plays a critical role in cell cycle progression and cell survival in the heart (36 -39). Akt activity has been shown to be cardioprotective in myocardial injury, by its ability to promote cell survival and block cell death (37, 38) . It is intriguing that activation of Akt by other pathways, namely the Hippo-YAP pathway, in cardiomyocytes is associated with proliferation and survival (40, 41) . Our data clearly reveal involvement of the Akt pathway, but activation of this pathway in MEF2D-deficient myocytes is not cardioprotective; nor does it stimulate proliferation. These observations suggest that MEF2D regulates other gene programs that cross-talk with PI3K/Akt to counteract the pro-survival and proliferation effects often mediated by this pathway.
The relationship between cell cycle re-entry and programmed cell death has been well studied in neurons (42) , whereas in cardiomyocytes, these mechanisms are poorly understood. In neurodegenerative diseases, in an attempt to replenish damaged neurons, populations of neurons will re-enter the cell cycle, but these neurons fail to complete the cell cycle and instead undergo cell death. Unlike post-mitotic neurons, differentiated cardiomyocytes in the newborn mammalian heart have the ability to re-enter the cell cycle in response to injury, thereby affording the neonatal mammalian heart the capacity to regenerate (43) . Despite the up-regulation of posi- tive cell cycle markers and partial DNA synthesis in MEF2Ddepleted neonatal cardiomyocytes, these cells fail to progress through the cell cycle and ultimately die. It is worth noting that expression of selected cell cycle inhibitors was not significantly decreased (data not shown), which may, in part, prevent full execution of cell cycle progression. The apoptotic phenotype of MEF2D-depleted neonatal cardiomyocytes is reminiscent of the role of MEF2 in post-mitotic neurons. Degradation of MEF2D is associated with neuronal cell death induced by neurotoxic stimuli (44, 45) . Conversely, enhancing MEF2 activity downstream of neuronal insults, such as DNA damage, is required for the survival of neurons (46) . It remains to be determined whether certain types of insults, such as oxidative stress or doxorubicin, stressors that cause DNA damage and cell death but not hypertrophy, modulate the activity of MEF2D in cardiomyocytes. The up-regulation of E2F gene expression appears to be the most plausible mechanistic link to the cell death phenotype in MEF2D-deficient NRVMs. Although commonly known as regulators of proliferation, the E2F family of transcription factors also regulate cell death, primarily the E2F1 and -3 protein isoforms (25, 26) . Interestingly, the role of E2F has been investigated in the heart. Overexpression of E2F1 in the adult heart promotes widespread myocardial apoptosis (47) . Consistent with these observations, overexpression of E2F1 or E2F3 in neonatal cardiomyocytes promoted cell death (48) . Whereas MEF2D knockdown activates the Akt pathway, the simultaneous induction of E2F expression seems to counteract and override any effects of this pro-survival and proliferative signaling cascade.
Genome-wide expression analysis of genes sensitive to the loss of MEF2D demonstrated that this protein isoform regulates gene programs required for neonatal cardiomyocyte cell cycle withdrawal and survival. Thus, exploiting gene programs regulated by MEF2D in cardiomyocytes is likely to provide us with avenues in which to promote the survival and possibly proliferation of cardiomyocytes in cardiac disease. 
